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(57) ABSTRACT

A system for and method of controlling the heat input 1n a
welding operation are provided. The system includes an arc
welding power supply configured to output a welding wave-
form to a welding torch. The welding power supply includes
a wavelorm generator to generate an output welding wave-
form. The power supply also includes a controller to opti-
mize the output welding wavelform based on a desired

welding temperature. The optimization i1s performed by
adjusting at least one of a power ratio and a duration ratio.
The power ratio 1s a ratio of a power of a negative portion
of the welding waveform to a power of a positive portion of
the welding wavetform, and the duration ratio 1s a ratio of a
duration of a negative portion of the welding waveform to a
duration of a positive portion of the welding waveform. The
desired welding temperature 1s one of a temperature setpoint
and a temperature range.

(Continued) 15 Claims, 4 Drawing Sheets
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METHOD AND SYSTEM TO CONTROL
HEAT INPUT IN A WELDING OPERATION

PRIORITY

The present application claims priority to U.S. Provisional

Patent Application No. 61/723,758, which 1s incorporated
herein by reference in 1ts entirety.

TECHNICAL FIELD

This invention relates to systems and methods for weld-
ing. More specifically, the subject invention relates to sys-
tems and methods to control heat input while welding.

BACKGROUND

When arc welding 1t 1s desirable to control heat input
during welding. The welding arc generates a very high
amount of heat which can significantly increase the tem-
perature of the workpiece around the weld zone. This
increase 1n temperature can be disadvantageous outside of
the weldzone because it can detrimentally affect the material
properties of the workpiece as well as cause warping, eftc.
Efforts to control the temperature of the workpiece include
applying external cooling to the workpiece or changing the
welding process. However, these methods can be compli-
cated and provide limited results.

Further limitations and disadvantages of conventional,
traditional, and proposed approaches will become apparent
to one of skill in the art, through comparison of such
approaches with embodiments of the present invention as set
forth 1 the remainder of the present application with refer-
ence to the drawings.

SUMMARY

Embodiments of the present invention include systems for
and methods of arc welding in which a desired heat input 1s
maintained by adjusting various parameters of the electrode
negative portion of a welding waveform, as well as other
aspects of the welding process. In some exemplary embodi-
ments, only the electrode negative portion of the welding
wavetorm 1s adjusted to obtain a waveform balance which
maintains a desired arc length and/or voltage, while at the
same time minimizing heat mput into the weld and keeping
the arc stable.

In an exemplary embodiment, a system 1ncludes an arc
welding power supply configured to output a welding wave-
form to a welding torch. The welding power supply includes
a wavelorm generator to generate the welding waveform.
The power supply also includes a controller to control the
welding wavetorm based on a comparison between a desired
welding temperature and a detected welding temperature.
The optimization 1s performed by adjusting at least one of a
power ratio and a duration ratio. The power ratio 1s a ratio
ol a power of a negative portion of the welding waveform to
a power of a positive portion of the welding wavetform, and
the duration ratio is a ratio of a duration of a negative portion
of the welding wavelorm to a duration of a positive portion
of the welding wavetorm. The desired welding temperature
1s one of a temperature setpoint and a temperature range.

In another exemplary embodiment, a method of control-
ling an arc welding system includes providing a welding
torch, generating a welding wavetform, and transmitting the
welding wavetorm to the welding torch. The method further
includes controlling the welding wavetorm based on a
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comparison between a desired welding temperature and a
detected welding temperature. The optimization 1s per-
formed by adjusting at least one of a power ratio and a
duration ratio. The power ratio 1s a ratio of a power of a
negative portion of the welding wavelorm to a power of a
positive portion of the welding waveform, and the duration
ratio 1s a ratio of a duration of a negative portion of the
welding waveform to a duration of a positive portion of the
welding waveform. The desired welding temperature 1s one
ol a temperature setpoint and a temperature range.

These and other features of the claimed invention, as well
as details of 1llustrated embodiments thereof, will be more
tully understood from the following description and draw-
Ings.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and/or other aspects of the mvention will be
more apparent by describing in detail exemplary embodi-
ments of the mnvention with reference to the accompanying
drawings, in which:

FIG. 1 1s a diagrammatical representation of a welding
system 1n accordance with an exemplary embodiment of the
present 1nvention;

FIG. 2 1s a diagrammatical representation of a welding
wavelorm to be used with embodiments of the invention;

FIG. 3 1s a diagrammatical representation of another
welding wavetorm to be used with embodiments of the
imnvention;

FIGS. 4A and 4B are pictorial representations of various
control methodologies that can be used with embodiments of
the present invention; and

FIG. 5 1s a diagrammatical representation of another
exemplary embodiment of the present invention.

DETAILED DESCRIPTION

Exemplary embodiments of the invention will now be
described below by reference to the attached Figures. The
described exemplary embodiments are intended to assist the
understanding of the invention, and are not intended to limit
the scope of the invention 1n any way. Like reference
numerals refer to like elements throughout.

FIG. 1 1s an 1llustrative embodiment of a welding system
100 in accordance with exemplary embodiments of the
present invention. The welding system contains a welding
power supply 110 which delivers a welding waveform to a
welding torch 130 and a workpiece W through an electrode
E to generate a welding arc A. The electrode E 1s delivered
to the welding operation via a wire feeder 150. The wire
teeder 150 can be of any known construction such that 1t 1s
capable of delivering the electrode E to the weld and, 1n
some embodiments, the wire feeder 150 can adjust the wire
feed speed of the electrode E based on a signal from the
power supply 110—which will be discussed in more detail
below.

The system 100 also contains a movement device 160
which 1s capable of moving either the workpiece W or the
contact tip 130, or both. Such movement devices are gen-
crally known and can include a robot, a welding tractor unat,
etc. In exemplary embodiments of the present invention, the
movement device 1s capable of adjusting or changing the
travel speed of the welding operation 1n accordance with
commands received during the welding operation. As shown
in FIG. 1, the commands come from the controller 118 1n the
power supply 110. However, 1n other exemplary embodi-
ments a separate system controller can be used which 1s
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external to the power supply 110 that controls operation of
components 1n the system 100, including the power supply
110, the wire feeder 150 and the movement device 160.

The general construction of the power supply 110 can be
similar to that of known power supplies that are capable of
GCMAW/MIG type welding operations, so long as the power
supply 110 1s capable of functioming and operating as
described herein. For example, the power supply 110 can be
constructed similar to that of the Power Wave® type power
supplies, manufactured by The Lincoln Electric Company,
of Cleveland, Ohio. Of course, embodiments of the present
invention are not limited to such a construction, and this 1s
intended to be merely exemplary.

As shown 1 FIG. 1, the power supply 110 1s capable of
receiving an input signal through L1, L2 and L3. FIG. 1
depicts a 3-phase mput, but other embodiments can utilize
only a single phase mput. The power supply 110 contains a
power conversion unmt 112 which 1s capable of receiving the
input signal and outputting a signal to an output phase (such
as output inverter 114) so that the output of the power supply
110 1s capable of sustaining a welding arc. The power
conversion unit 112 can be made up of a number of different
components. For example, 1t can be comprised of a rectifier
circuit and a buck-boost circuit which receives the rectified
signal and outputs a constant voltage to the output inverter
114. Of course 1n other exemplary embodiments, the output
inverter 114 can be a chopper, or any other type of output
circuit that 1s capable of working with the power conversion
unit 112 to output a welding signal. The power supply 110
also contains a waveform generator 116 which 1s a circuit
which aids 1n controlling the output of at least one of, or
both, of the power conversion unit 112 and the output
inverter 114 to provide the desired welding waveform to be
used to generate the arc A. For example, the wavelorm
generator 116 can be used to generate a desired current
wavelorm used to create and maintain the arc A during
welding, coupled with one or both of the power conversion
unit 112 and the output inverter 114 (or whatever output
component 1s utilized). In addition, the power supply has a
controller 118, which can be any type of CPU or processor-
type device capable of controlling functions and operations
of the power supply 110. Such controllers are generally
known. In exemplary embodiments, the controller received
teedback from a current feedback circuit 120 and a voltage
feedback circuit 122 which provide current and voltage
teedback (respectively) from the welding arc A during a
welding operation. With this feedback, the controller 118 1s
able to adjust and optimize the performance of the power
supply 110 to provide the desired output. This will be
discussed further below.

As shown 1n FIG. 1, in some embodiments, the controller
118 1s also coupled to a wire feeder 150 which allows the
controller to receive feedback from the wire feeder 150 as
well as control the operation of the wire feeder 150, such as
wire feed speed, during a welding operation. This 1s also
discussed below.

The embodiment shown 1n FIG. 1 also utilizes a thermal
sensor 170 which monitors the temperature of the weld
puddle and/or the workpiece W near the weld puddle. The
sensor 170 can be any type of sensor that is capable of
accurately determining the temperature of the sensed area
and reporting the sensed temperature to the controller 118 so
that the temperature information can be utilized. It should be
noted that one sensor 170 1s shown 1in FIG. 1, but other
embodiments can use more than one sensor. For example, a
plurality of sensors can be used to monitor the temperature
of the weld puddle, the workpiece W adjacent to the weld
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puddle and/or the underside of the workpiece, where the
underside 1s the side opposite of the torch 130 during
welding.

During a welding operation the temperature of the weld
puddle and/or workpiece can vary greatly. For example, at
the beginning ol the weld process 1t 1s likely that the
workpiece has a temperature similar to that of the ambient
temperature. Thus, the workpiece at the weld 1s relatively
cold, which can require more arc energy to provide the
desired puddle and/penetration. After the start up and a
period of welding the workpiece W will start to heat up
significantly, particularly 1n relatively long weld runs. If the
welding operation 1s not changed this heating can alter the
weld parameters and then result in weld with diminished
quality. For example, 1f the temperatures are allowed to
increase unchecked the workpiece can be warped or the heat
allected zone around the weld bead could be too large. Thus,
it 1s desirable to control heat input.

Embodiments of the present mvention control the heat
input into the weld by controlling at least one of the welding
operation parameters to ensure appropriate heat input and
weld quality.

FIG. 2 depicts an exemplary current wavelform 200 that
can be used with embodiments of the present invention. As
a general note, the wavetorm 200 depicted 1s a generic pulse
wavelorm that 1s intended to be representative of the many
different types of welding current wavetforms that can be
used 1n welding operations, especially GMAW/MIG type
operations, and embodiments of the present invention are
not limited to using current waveforms as depicted 1n FIG.
2, or 1n any of the Figures discussed herein. As shown, the
wavelorm 200 has a both an electrode positive (EP) portion
210 and an electrode negative (EN) portion 208 in each
cycle C. The EP portion 210 of the waveform 200 1s that
time 1n the wavelorm 1n which the welding electrode E has
a positive polarity (current 1s flowing from the electrode E
into the workpiece W), while during the EN portion 208 the
clectrode E has a negative polarity such that the current is
flowing from the workpiece W into the electrode E.

Each EP portion 210 comprises a pulse 202 having a peak
current 201 and a background current level 203 following
the peak 201, where the background current level 1s less than
the peak 201 current level. Between the background portion
203 and the following peak 201 of the next cycle C 1s an EN
portion 208. In exemplary embodiments, the EN portion 208
comprises an EN ramp-up portion 205, an EN peak portion
207 and an EN ramp down portion 209. The EN portion 208
has a total duration t.,, and a peak duration t,z ,zzr-

Because each of the EP and EN portions of the wavelform
200 have a current and voltage component (voltage 1s not
shown) each portion 210 and 208 1s providing power. Thus,
cach cycle C has a negative power ratio equal to EN
Power/EP Power, where EN Power 1s the total power 1mput
by the EN portion 208 and the EP Power 1s the total amount
of power mput by the EP portion 210.

During welding, the EN portion 208 of the cycle C
provides less heat input into the weld puddle as compared to
the EP portion 210. However, the EN portion 208 provides
more ellicient melting of the advancing electrode E during
welding than the EP portion 210. Various embodiments of
the present invention employ these attributes of the respec-
tive portions ol the cycle C to control and optimize heat
input nto the weld. This will be discussed in detail below.

As shown 1n FIG. 2, and discussed above, embodiments
of the present invention employ an EN portion 208 1n cycles
C of the wavetorm 200. This EN portion 208 of the cycle C

1s generally cooler than the EP portion 210 but can “burn
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back™ the electrode E more efliciently than the EP portion
210. As such the EN portion 208 can be used to aid in
regulating workpiece temperature. It should be noted that
embodiments of the present invention can be used in both an
AC type waveform, or a generally DC waveform which
intermittently uses AC as described herein.

As stated earlier, at the beginning of a welding operation
the workpiece can be relatively cool and 1t may be desirable
to get the workpiece to an optimal welding temperature
quickly. While welding, the temperature of the workpiece
can continue to heat up such that the temperature gets too
high, thus requiring a cooler welding operation. Embodi-
ments of the present invention provide this heat input control
by using workpiece temperature data and/or other param-
eters to control the heat input into the weld. For example, 1n
exemplary embodiments of the present invention, the system
100 utilizes a wavetorm 200 with a first negative power ratio
during an 1nitial stage of the welding operation, and after the
initial stage the wavetform 200 1s changed to having a second
negative power ratio that is larger than that the of the mnitial
stage. The 1nitial stage uses a negative power ratio that 1s
lower than the second stage so that the higher heat input will
bring the workpiece to a desired temperature quicker than a
normal waveform, but once the workpiece reaches the
desired temperature the power supply adjusts the negative
power ratio to a higher ratio which lowers the heat input into
the weld to stabilize the temperature of the workpiece at an
acceptable temperature. In exemplary embodiments, the
transition from the initial to second stage of the welding
wavelorm 200 can occur based on sensed temperature data
or can be based on the expiration of a predetermined
duration into the welding operation. Further, in exemplary
embodiments of the present invention, the power supply 110
utilizes a third stage of the welding waveform 200 1n which
the negative power ratio 1s adjusted to deal with fluctuations
in the workpiece temperature during the welding operation.
For example, 11 the workpiece temperature gets too high, the
third stage has a higher negative power ratio to provide less
heat mput into the weld. This will be explained below, along,
with the use of other parameters to control heat mput and
maintained desired weld performance.

In exemplary embodiments, prior to welding a user inputs
various weld parameters into the power supply 110/control-
ler 118 needed for the welding operation. These mputs can
include current, voltage, wire feed speed, consumable type,
workpiece material, workpiece thickness, travel speed,
deposition rate, maximum workpiece temperature, critical
phase transformation temperature, preheat temperature, dis-
tance to weld zone, etc. Based on this information an initial
negative power ratio 1s selected and a second negative power
ratio 1s selected to be used after the 1nitial stage, which has
a negative power ratio that 1s higher than that of the mitial
negative power ratio (which can be 1n the range of 10 to 25).
In some exemplary embodiments the second negative power
ratio 1s 4 times higher than that of the initial negative power
rat10. In some embodiments, the 1nitial negative power ratio
1s used for a set duration, after which the power supply 110
switches the waveform 200 to the second negative power
rat1o. This duration 1s predetermined, and 1 some exem-
plary embodiments can be 1n the range of 200 ms to 5 s, or
suilicient time to establish a stable puddle. Of course, other
durations can be used. In other exemplary embodiments, the
power supply 110 predetermines a number n of cycles C of
the wavelform 200 for the imitial stage and then at the
expiration of the number n (e.g. where n 1s 1 the range of
10 to 200), the power supply 110 switches from the 1nitial
stage to the second stage. In other exemplary embodiments
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ol the present invention, the power supply 110 uses the input
information to determine the initial negative power ratio and
during the welding operation uses temperature data to adjust
the negative power ratio to achieve the desired welding
temperature. That 1s, as it 1s determined that the workpiece
W 1s heating up, the negative power ratio 1s adjusted to
provide a cooler welding operation so that the desired or
target temperature 1s maintained. Thus, 1 such embodi-
ments a target temperature or temperature range 1s deter-
mined the controller 118 adjusts the negative power ratio to
reach and maintain the desired temperature/temperature
range.

In the embodiment shown 1n FIG. 1, at least one tem-
perature sensor 170 1s used to monitor a welding tempera-
ture and the controller 118 uses this information to adjust the
negative power ratio of the waveform 200. For example, the
sensor 170 provides temperature feedback to the controller
118 and when the detected temperature reaches a desired
threshold the controller 200 adjusts the negative power ratio
of the wavetform 200 to maintain and hold the desired
temperature. That 1s, as the detected temperature gets too
high the negative power ratio 1s increased (to cool the
welding process), and as the temperature gets too low the
native power ratio 1s decreased (to add heat to the welding
Process).

In other exemplary embodiments, more than one sensor
170 can be used, or the sensor 170 can monitor temperature
at other regions on the workpiece. Embodiments of the
present invention are not limited 1n this regard.

Further, in other exemplary embodiments, rather than
using sensors, the controller 118 (or other CPU device) can
calculate, using state tables, algorithms, etc., the heat mput
into the weld and use these calculations, either by them-
selves or together with the sensor 170, to adjust the negative
power ratio of the wavetorm 200 as described herein.

Further, in other exemplary embodiments the system 100
can control the ramp rate for heating the workpiece from 1ts
starting temperature to a desired welding temperature. In
some welding applications 1t 1s desirable to ensure that the
workpiece W does not heat too quickly. In such embodi-
ments a desired ramp rate for the temperature increase 1s
determined or input into the controller 118 and the controller
118 controls the negative power ratio of the wavetorm 200
to maintain the desired ramp rate until the desired tempera-
ture for welding has been reached.

As explained above, embodiments of the present inven-
tion use temperature feedback and/or temperature calcula-
tions information to adjust the EN portion 208 of the
wavelorm 200 such that the negative power ratio of the
wavelorm 200 changes to adjust the temperature input nto
the weld during welding. For example, 1f it 1s determined
that the temperature of the weld 1s too high (as the workpiece
heats up) the power supply 110 provides a wavetorm 200
with an increased negative power ratio such that heat input
from the arc 1s lower. That 1s, by increasing the amount of
EN Power output to the arc A, relative to EP Power, the
clectrode E can continue to be consumed while the arc A 1s
at a cooler temperature. It 1s noted that during the EN Power
the electrode E can be burned back at a faster or more
cilicient rate and thus in some exemplary embodiments the
wire feed speed of the electrode W can also be adjusted by
the wire feeder 150 during this portion of the wavetorm 200.
This will be discussed further below. Conversely, when 1t 1s
detected that the temperature of the workpiece W 1s too low
(such as during the 1nitial phase, or when the workpiece gets
too low 1n temperature during welding) embodiments of the
present invention decrease the negative power ratio, by
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decreasing the EN Power. This results in more EP Power 1n
the waveform 200, which 1s generally a hotter process.
Further, because the electrode E consumption during the EP
portion 210 of the waveform 1s less than that in the EN
portion 208, the controller can cause the wire feeder to slow
down the wire feed rate of the electrode E during this stage
of the wavetorm 200.

In exemplary embodiments of the present invention, no
change 1s made to the EP portion 210 of the wavetorm 200
or the frequency of the waveform. Thus, embodiments of the
present invention only use changes to the EN portion 208 of
the wavelorm 200 to maintain or change the temperature.
This allows for precision temperature control without fun-
damentally changing the waveform 200, especially its fre-
quency. In other exemplary embodiments, the negative
power ratio 1s changed without making any changes to
positive pulses 202 of the waveform. That 1s the peak 201,
duration and ramp rates of the positive pulses 202 remaining
unchanged, but changes can be made to the duration of the
background portion 203 of the EP portion 210. In such
embodiments 1t may be necessary to adjust the wire feed
speed to ensure there 1s no or a minimal change 1n arc length.

Embodiments of the present invention can utilize adjust-
ment to various aspects of the EN portion 208 to achueve the
desired temperature or temperature rate of change. For
example, changes to the EN portion can include changes to
the lead current ramp rate 205, the peak 207—through
changes to magnitude or t,.. ., the trail current ramp rate
209, and/or the duration t.,, of the EN portion 208. That 1s,
the power supply 110 can adjust any one, any combination,
or all of these parameters of the EN portion 208 to change
the negative power ratio to drive the temperature of the
workpiece to the setpoint temperature.

As explained above, 1n embodiments of the present inven-
tion during the 1nitial stage of the welding operation a first
negative power ratio can be used to drive the temperature to
a desired value, and embodiments of the present invention
can use a fixed first negative power ratio during the first
stage, where the fixed ratio 1s determined the power supply
110/controller 118. However, 1n other exemplary embodi-
ments, the rate of increase of the temperature during the first
stage 1s monitored and the negative power ratio 1s adjusted
to ensure that the desired rate of temperature increase 1s
achieved. This will prevent the temperature of the workpiece
W from increasing too quickly or too slowly. For example,
it may be desirable to get the workpiece W to the welding
temperature as quickly as possible, or otherwise prevent the
workpiece W from heating too quickly.

Embodiments of the present mvention can use various
teedback or control methodologies to control the negative
power ratio of the waveform 200. For example, the power
supply 110 can continuously monitor the workpiece tem-
perature (within the systems designed update rate) and
adjust the negative power ratio as soon as deviations are
detected. In exemplary embodiments of the present inven-
tion, the update rate for the temperature 1s 1n the range of 1
to 10 KHz. Of course other update rates can be used without
departing ifrom the scope or spirit of the present invention.
Other embodiments can use different feedback methodolo-
gies. For example, the power supply 110/controller 118 can
monitor the temperature of the workpiece over a plurality N
of cycles C of wavetorm 200 or over a period of time and
compare the determined or measured temperature with a
temperature setpoint value to determine 11 a change 1n the
negative power ratio should be made. Of course other
control methodologies can be used without departing from
the spirit or scope of the present invention.

10

15

20

25

30

35

40

45

50

55

60

65

8

In another exemplary embodiment, the power supply 110
and/or controller 118 monitors and/or calculates the 1nstan-
taneous temperature (based on the update or sample rate of
the system used) to determine 1t a deviation from the
setpoint 1s detected but does not change the wavetorm 200
until after a plurality of sequential deviations are detected.
Such embodiments avoid changing the waveform 200 based
on the detection of anomalies that are short in duration and
self correct 1n a short amount of time. For example, in an
exemplary embodiment, the system compares the detected/
calculated temperature to the setpoint and 1f a deviation 1s
detected the controller 118 starts a counter which counts the
number of sequential deviations following the first. When
the number of sequential deviations detected exceeds a
desired amount, the negative power ratio 1s changed as
described herein. For example, the sequential number of
deviations detected can be 1n the range of 5 to 20. In some
embodiments, 1f the detected/calculated temperature returns
to the setpoint prior to reaching the predetermined number
of sequential deviations no change 1n the waveform 200 will
be made and the counter will be reset to zero.

In other exemplary embodiments, the update rate for the
detection/calculation of the actual temperature changes
when a deviation 1s detected. For example, during welding
a first update rate 1s used and when a deviation 1s detected
the update rate changes to quicker update rate to monitor the
temperature and provide the negative power ratio adjust-
ment.

It 1s noted that 1n other exemplary embodiments of the
present invention, the negative power ratio can remain
constant while the power supply 110 adjusts its output
current to maintain a desired temperature. In such an
embodiment, rather than changing the negative power ratio
the power supply 110 changes the negative duration ratio,
where the negative duration ratio 1s t.,/t.,. In such an
embodiment, the power supply 110 adjusts the duration t.,;
of the EN portion 208 so that the wavelorm has an EN state
for a longer duration, but there 1s no change 1n the negative
power rati0. In such an embodiment, even though the peak
current 207 of the EN portion 208 1s reduced, the increased
duration of the EN portion 208 will result in utilizing a
cooler portion of the wavetorm 200 for a longer duration. In
such embodiments, 1t may be necessary to change at least the
wire feed speed of the electrode E to maintain a desired arc
length.

As discussed above, embodiments of the present inven-
tion can use a {irst negative power ratio at the beginning of
the welding process and then switch to a higher negative
power ratio during welding, which 1s cooler than the first
ratio. However, even with this cooler second negative power
ratio 1t 1s possible that the workpiece W will heat up too
much, thus requiring further cooling during welding. Thus,
in embodiments of the present invention a third stage of the
wavetorm 200 can be used from time to time to provide even
further cooling, where the third stage utilizes a negative
power ratio or negative duration ratio that 1s higher than that
of the second stage.

This 1s generally depicted 1n FIG. 3, where the waveform
200 1s adjusted such that the either one or both of the
negative power ratio and negative duration ratio have been
increased to make the wavetform 200 cooler. For example, as
shown 1n FIG. 3, the waveform 200 has been changed such
that the duration t.,, of the negative portion 208 has been
increased relative to the overall length of the cycle C. This
will result 1n a longer duration of cooler welding time per
cycle C. In some exemplary embodiments, the overall
negative power provided 1s not increased during this nega-
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tive portion 208—because the peak level 207 of the negative
current 1s reduced—which 1s cooler than 1t the peak level
207 remains the same as in the second stage. In some
exemplary embodiments of the present invention, the dura-
tion 1., of the third stage 1s 1n the range of 10 to 45% larger
than the duration t.,, during the second stage. Of course
other differences can be used without departing from the
spirit or scope ol the present invention. The third cooling
stage can modily any one, or all, of the attributes of the
negative portion 208 of the waveform 200 such that the
desired cooling 1s achieved.

In exemplary embodiments of the present invention the
parameters of the EN portion 208 third or “cool down” stage
of the waveform 200 can be predetermined by the power
supply 110/controller 118 based on the mput information
prior to welding. That 1s, based on the input information the
duration, peak level and ramp rates of the EN portion 208
can be predetermined such that when it 1s detected that a
cool down process must be implemented the power supply
110 uses the predetermined cool down profile for the EN
portion 208. However, 1n other exemplary embodiments the
parameters of the EN portion 208 during the cool down stage
of the wavetorm 200 are selected based on the detected
temperature. For example, the power supply 110/controller
118 determines the changes to the EN portion 208 based on
the determined difference between the temperature and
setpoint temperature. This can be done using algorithm-type
control, state tables, etc. For example, 1I the measured
difference 1s within a first range of the setpoint then only the
duration t..,, of the EN portion 208 1s changed, where the
change in duration 1s a function of the detected diflerence
(e.g., duration 1s 1ncreased or decreased proportionally with
the difference from the setpoint), while 1f the difference 1s
outside of that first range the controller 118/power supply
110 increases the duration of the EN portion 208 and reduces
the peak current 207 of the EN portion, to provide less power
overall 1n the negative portion 208. Again, the changes can
be proportional to the differences detected from the desired
setpoint. Such embodiments allow the power supply 110
and/or controller 118 to constantly modily the EN portion of
the wavelorm to control the overall heart mput into the
welding process. In exemplary embodiments of the present
invention, the first range discussed above 1s within 4 to 20%
of the setpoint. That 1s, the outer bound of the first range 1s
within 4 to 20% of the setpoint. Of course, other ranges can
be utilized. It the setpoint 1s actually an operational range the
above percentages are to be considered from the respective
end points of the operational range—1for example, within 4
to 20% of the upper range limit and within 4 to 20% of the
lower range limit.

It should be noted that while the discussions above and
below often refer to a temperature “setpoint,” some embodi-
ments can use a temperature range as an operational setpoint
where as long as the temperature 1s within the operational
range, no change will be made to the waveform 200 or
operation. Temperature can be a set point or a range. For
example, the operational range can be 50 degrees C., 1n other
exemplary embodiments, the range can be i the range of
150 to 260 degrees C. It should be noted that to avoid
confusion the discussions herein refer to “setpoint” for
clarity, but these discussions equally apply to using an
operational range as the “setpoint.”

It 1s noted that in some exemplary embodiments the
wavelorm 200 1s controlled such that the positive pulse 202
1s started directly after the completion of the EN portion 208
of the wavetorm—see FIG. 2. However, in other embodi-
ments this may not be the case. For example, as described
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above, embodiments can end the EN portion 208 early to
reach/maintain a desired temperature. In such embodiments
the current can return to the positive background 203 before
beginning the next pulse, so that the wavetlorm frequency 1s
maintained.

Various methods of control or control methodologies can
be used to immplement the described embodiments. For
example, the controller 118 can utilize state tables, look up
tables or algorithm type control methodologies to implement
embodiments of the present invention. Such embodiments
would utilize the detected and/or determined temperature
and a temperature setpoint (or range) and use this informa-
tion to determine which wavelform stage to be used, or
determine the amount and type of change to the EN portion
208 of the waveform 200 to maintain the desired tempera-
ture. It 1s noted that embodiments of the present invention
can change different aspects of the EN portion (for example,
peak current ramp rates, duration) based on the deviation
between the measured/determined temperature and the set-
point. Thus, in some embodiments a more aggressive change
to the EN portion 208 can be made when the detected
difference 1s large.

In further exemplary embodiments of the present mnven-
tion, the power supply 110 and/or controller 118 can utilize
changes in other aspects of the welding operation to reach or
maintain a desired temperature. For example, in some
embodiments the controller 118 can control motion device
160 to change the travel speed of the welding operation 1n
addition to changing the EN portion of the waveiform 200 to
achieve the desired temperature. In such embodiments, as
the temperature increases the controller 118 can also cause
the travel speed to increase to aid 1n reaching or maintaining,
the desired temperature. Alternatively, 11 the temperature 1s
too low the controller 118 can cause the travel speed to slow
down to aid in maintaining the desired temperature.

In some exemplary embodiments, the magnitude of devia-
tion between the temperature and the setpoint can determine
the extent with which the travel speed 1s utilized to aid n
maintaining or returning to the setpoint. FIG. 4A can be
utilized to aid in this discussion.

As shown mn FIG. 4A, a power supply can have a
temperature setpoint Temp. (It should be noted that as
discussed above, an operational range can be used for
Temp.—however, for purposes of this figure a setpoint 1s
used). As shown, in some embodiments a first operational
range O 1s established around Temp. Although FIG. 4A
depicts the first operational range 0 as centered on Temp.,
this need not be the case 1n all embodiments. The first
operational range 0 has a range of temperature such that 1f
the temperature 1s within the first operational range 0 a first
temperature change protocol i1s used to maintain the desired
temperature for the operation, whereas 11 the temperature 1s
outside of the first operational range 0 then a second
temperature change protocol 1s used to maintain the desired
temperature. For example, 1 the determined temperature 1s
within the first operational range O then the power supply
110/controller 118 uses adjustments only to the waveform
200 (as described above) to maintain the desired tempera-
ture, while 1f the temperature 1s outside of the first opera-
tional range 0 the controller 118 implements a change to the
wavelorm 200 and to the travel speed to return to the desired
temperature. Of course, other parameters can be adjusted
depending on whether or not the temperature 1s within or
outside of the first operational range 0. For example, when
within the first operational range 0 the power supply 110
may adjust one parameter (e.g., ramp rate, peak, duration) of
the EN portion 208 and while outside the first operational
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range O the power supply 110 will adjust at least two
parameters (e.g., ramp rate, duration, peak current) which
may include the first parameter. Various embodiments can
use different combinations of any of the parameters dis-
cussed herein to adjust the negative power ratio, the negative
duration ratio, and/or the travel speed to adjust the tempera-
ture to the setpoint.

FIG. 4B represents another embodiment of the present
invention, where there 1s a first operational range 0, which
1s used as discussed above, and a second operational range
a., which 1s used similarly to that discussed above. That is,
during the first operational range 0 a first parameter or
grouping of parameters 1s used to control temperature, while
in the second operational range a a second parameter or
grouping of parameters 1s used to control the temperature,
and when outside of the second operational range a third
parameter or grouping of parameters 1s used to the control
the temperature. For reference, the parameters that can be
used include the negative power ratio, the negative duration
rat10, current ramp rate(s), peak current, and duration of the
EN portion, the travel speed, and current ramp rates, peak
current and duration of the EP portion, and wire feed speed.

It should be noted that because of the difference in the
“burn back™ rates of the electrode E during the negative and
positive it may be necessary to adjust the wire feed speed of
the electrode E during the different waveform stages to
adjust for changes in the negative power ratio and/or travel
speed to ensure that suflicient filler delivery 1s made to the
weld. During the EN portion 208 of the wavelorm 200 the
clectrode E can be consumed more efliciently and as such as
the negative power ratio increases 1t may be needed to
increase the wire feed speed. Such changes can be made
with the controller 118 and the wire feeder 150.

FIG. 5 1s another exemplary embodiment of the present
invention, 1n which the system 100 provides for a user to be
able to mitiate a cooling third waveform stage during
welding. Such embodiments can be used with semi-auto-
matic welding systems and operations. Specifically, in the
embodiment shown the torch 130 contains a switch 131
which can be activated by the user while welding. It 1s noted
that 1n this embodiment the torch 130 can be a handheld
welding torch, with a known construction. The switch 131 1s
coupled to controller such that during welding the user can
activate the switch 131 and changed the waveiorm 200 such
that the temperature being input mto the weld 1s less. For
example, the activation of the switch can change the wave-
form 200 from the second stage to the cool-down stage
(discussed above) so that the wavelorm 200 can be a cooler
welding wavelform. Thus, the user can have control of the
heat iput at the torch 130. In a further exemplary embodi-
ment an indicator 132 can be mounted on the torch 130. The
indicator can be any device, such as an LED light that
indicates that the temperature of the welding operation 1s
within, or outside of, the welding temperature parameters.
For example, during normal operation the indicator 132 can
be colored green to indicate that the temperature of the
workpiece/weld 1s acceptable. If the temperature 1s too hot
the mdicator can change to the color red, indicating to the
user that the cool-down switch 131 should be triggered and
when the temperature reaches the desired level the indicator
will change from red to green. In other embodiments further
indication can be provided to the user. For example, 11 the
temperature 1s too cool for a desired operation, the indicator
132 can show a blue color indicating that the temperature 1s
too cool such that the user can slow down the welding
process and/or release the switch 131. Additionally, the
indicator can provide an intermediate signal, such as a
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yellow 1llumination indicating that the temperature 1s within
an acceptable operating range but 1s approaching an outer
limit of the operating range such that the user can attempt to
adjust the welding process without engaging the switch 131.
Thus, embodiments of the present invention can allow the
user to implement a cool-down stage of the waveform 200
by manual activation of the switch, where the wavetorm 200
1s changed such that 1t provides a cooler welding operation.
Further, the indicator 132 can provide the user with visual
cues or indication to provide instruction or information
related to weld temperature during the welding process.

Of course, 1n exemplary embodiments the wire feed speed
of the electrode E can also be changed by the controller
118—to the appropriate speed—when the user engages the
switch 131. In some embodiments the wire feed speed can
also remain fixed, depending on the welding operation.

In some exemplary embodiments of the present invention,
even though the negative power ratio changes from one
stage to another, the overall power generated by each cycle
C does not change from one cycle C to the next. That 1s, the
total cycle power for each cycle C of the wavetorm 200 does
not change from cycle to cycle even though the negative
power ratio changes as described herein. In such embodi-
ments, the power provided during the welding process
remains constant.

These above described embodiments, as well as others
consistent with the scope described herein result 1n control-
ling and maintaining a desired arc length while minimizing
heat mmput and without requiring changes 1n the frequency or
EP portions of the wavelorm. Such control provides signifi-
cant advantages over known control methodologies, which
would increase heat mnput, change the welding frequency or
otherwise modify all aspects of the wavetorm.

While the invention has been described with reference to
certain embodiments, 1t will be understood by those skilled
in the art that various changes may be made and equivalents
may be substituted without departing from the scope of the
invention. In addition, many modifications may be made to
adapt a particular situation or material to the teachings of the
invention without departing from 1its scope. Therefore, 1t 1s
intended that the invention not be limited to the particular
embodiments disclosed, but that the invention will include
all embodiments falling within the scope of the appended
claims.

The mvention claimed 1s:

1. An arc welding power supply configured to output a
welding wavelorm to a welding torch, the arc welding power
supply comprising:

a wavelorm generator to generate an output welding

wavetorm; and

a controller to control the output welding waveform based

on a comparison between a desired welding tempera-
ture and a detected welding temperature from at least
one temperature sensor,
wherein the control 1s performed by adjusting at least one
ol a power ratio and a duration ratio,

wherein the power ratio 1s a ratio of a power of a negative
portion of the welding waveform to a power of a
positive portion of the welding waveform,

wherein the duration ratio 1s a ratio of a duration of a

negative portion of the welding wavetform to a duration
of a positive portion of the welding wavelorm,

wherein the desired welding temperature 1s one of a

temperature setpoint and a temperature range,
wherein the controller controls the at least one of a power

ratio and a duration ratio to a first value during a first

stage of welding operations and to a second value that
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1s larger than the first value during a second stage of
welding operations, and the first stage lasts for a
predetermined duration 1n a range of 200 ms to 35 s.

2. The arc welding power supply of claim 1, wherein the
controller 1s configured to receive at least one temperature
signal from the at least one temperature sensor correspond-
ing at least one of a weld puddle and workpiece.

3. The arc welding power supply of claim 2, wherein
during the second stage of welding operations the controller
turther adjusts a travel speed of the welding torch based on
the temperature signal to maintain the desired welding
temperature.

4. An arc welding system, comprising;

a welding torch;

at least one temperature sensor configured to transmit a
temperature signal corresponding at least one of a weld
puddle and workpiece;

a welding power supply configured to output a welding
wavelorm to the welding torch, the welding power
supply comprising,

a wavelform generator to generate an output welding
wavetorm; and

a controller to control the output welding waveform
based on a comparison between a desired welding
temperature and a detected welding temperature
from the transmitted temperature signal,

wherein the control 1s performed by adjusting at least one
of a power ratio and a duration ratio,

wherein the power ratio 1s a ratio of a power of a negative
portion of the welding waveform to a power of a
positive portion of the welding waveform,

wherein the duration ratio 1s a ratio of a duration of a
negative portion of the welding wavetform to a duration
of a positive portion of the welding waveform,

wherein the desired welding temperature 1s one of a
temperature setpoint and a temperature range, and

wherein the controller controls the at least one of a power
ratio and a duration ratio to a first value during a first
stage of welding operations and to a second value that
1s larger than the first value during a second stage of
welding operations, and the first stage lasts for a
predetermined duration in a range of 200 ms to 5 s.

5. An arc welding system, comprising;

a welding power supply configured to output a welding,
wavelorm to a welding torch, the welding power sup-
ply comprising,

a wavelorm generator to generate an output welding
wavelorm:;

at least one temperature sensor configured to transmit a
temperature signal corresponding at least one of a weld
puddle and workpiece; and

a controller to control the output welding wavetorm based
on a comparison between a desired welding tempera-
ture and a detected welding temperature,

wherein the control 1s performed by adjusting at least one
of a power ratio and a duration ratio,

wherein the power ratio 1s a ratio of a power of a negative
portion ol the welding wavelorm to a power of a
positive portion of the welding waveform,

wherein the duration ratio 1s a ratio of a duration of a
negative portion of the welding wavetform to a duration
of a positive portion of the welding waveform, and

wherein the desired welding temperature 1s one of a
temperature setpoint and a temperature range,
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wherein the controller controls the at least one of a power
ratio and a duration ratio to a first value during a first
stage of welding operations and to a second value that
1s larger than the first value during a second stage of
welding operations, and the first stage lasts for a
duration 1n a range of 200 ms to 5 s, and

wherein, during the second stage of welding operations

subsequent to the first stage, the controller adjusts both
a travel speed of the welding torch and the at least one
of a power ratio and a duration ratio based on the
temperature signal to maintain the desired welding
temperature.

6. The arc welding system of claim 4, further comprising:

a wire feeder configured to provide a wire at a desired

wire feed speed, wherein the wire feed speed 1s con-
trolled to maintain a desired arc length.

7. The arc welding power supply of claim 1, wherein the
positive portion of the welding waveform includes a back-
ground portion and a pulse portion, and, when adjusting the
at least one of a power ratio and a duration ratio, the
controller adjusts a duration of the background portion.

8. The arc welding system of claim 5, wherein the positive
portion of the welding waveform includes a background
portion and a pulse portion, and, when adjusting the at least
one of a power ratio and a duration ratio, the controller
adjusts a duration of the background portion.

9. The arc welding power supply of claim 1, wherein the
first value 1s 1n a range of Yio to 5.

10. The arc welding power supply of claim 9, wherein the
second value 1s four times higher than the first value, and

wherein the first value 1s selected based on at least one of

a welding current, a welding voltage, a wire feed speed.,
a wire type, a workpiece material type, a workpiece
thickness, a travel speed, a deposition rate, a maximum
workpiece temperature, a critical phase transformation
temperature, a preheat temperature, and a distance to
weld zone.

11. The arc welding power supply of claim 1, wherein the
controller adjusts a power of the negative portion of the
welding wavetorm including adjusting a peak current mag-
nitude, a peak current duration, a current ramp rate, or the
duration of the negative portion of the welding waveform.

12. The arc welding power supply of claim 4, wherein the
controller adjusts a power of the negative portion of the
welding waveform including adjusting a peak current mag-
nitude, a peak current duration, a current ramp rate, or the
duration of the negative portion of the welding waveform.

13. The arc welding system of claim 4, wherein the first
value 1s 1n a range ol Yio to %5.

14. The arc welding system of claim 13, wherein the
second value 1s four times higher than the first value, and

wherein the first value 1s selected based on at least one of

a welding current, a welding voltage, a wire feed speed.,
a wire type, a workpiece material type, a workpiece
thickness, a travel speed, a deposition rate, a maximum
workpiece temperature, a critical phase transformation
temperature, a preheat temperature, and a distance to
weld zone.

15. The arc welding system of claim 4, wherein the
predetermined duration 1s selected to provide suflicient time
to establish a weld puddle on the workpiece.
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